are implicating new areas of the genome in the disease, and will be an important tool for future studies. We are now at an inflection point: as genome-wide association studies of genetic variants come to an end, a new generation of studies exploring the epigenome will provide an important new layer of information with which to enrich our understanding of AD pathogenesis and to possibly guide development of new therapeutic targets.
Introduction
The National Institute of Health's Roadmap Epigenomics project defines "epigenetics" as the "emerging frontier of science that involves the study of changes in the regulation of gene activity and expression that are not dependent on gene sequence" (http://www.roadmapepigenomics.org/overview). Some of these changes are inherited from parents, but many are acquired and can be stable for long periods of time. Epigenetics is usually used to describe the study of selected genes and mechanisms while epigenomics refers to the study of genome-wide patterns of changes in chromosome and chromatin that lead to changes in RNA expression. Over the last few years, the first generation of epigenome-wide association studies has been conducted in a number of different diseases, including Alzheimer's disease (AD). These studies were made possible because of emerging technologies that could interrogate the state of chromatin throughout the human genome in a moderate to high throughput manner: as with genetic studies a decade ago, this development enabled studies of sufficient size to produce robust results. Given the nascent nature of the field, we are just beginning to understand which study designs, Abstract The advent of new technologies and analytic approaches is beginning to provide an unprecedented look at features of the human genome that affect RNA expression. These "epigenomic" features are found in a number of different forms: they include DNA methylation, covalent modifications of histone proteins and non-coding RNAs. Some of these features have now been implicated in Alzheimer's disease (AD). Here, we focus on recent studies that have identified robust observations relating to DNA methylation and chromatin in human brain tissue; these findings will ground the next generation of studies and provide a model for the design of such studies. Stemming from observations that compounds with histone deacetylase activity may be beneficial in AD, epigenome-wide studies in cortical samples from large numbers of human subjects have now shown that AD-associated epigenomic changes are reproducible, are not driven by genetic risk factors, and are widespread at specific locations in the genome. A fundamental question of whether such changes are causal remains to be demonstrated, but it is already clear that well-powered investigations of the human epigenome in the target organ of a neurodegenerative disease are feasible, 1 3 sample sizes and analysis methods yield reproducible results. Epigenomic variation, unlike genetic variation, is highly plastic, responding to an individual's environment and life experiences; ultimately, every cell has its unique epigenome which makes tissue-level profiles challenging in their interpretation. Further, there are over 40 different epigenomic features, and no single feature is sufficient to establish a complete map of chromatin or to predict RNA expression from a given locus. These and other challenges are beginning to be appreciated and addressed in epigenome-wide association studies, and AD investigations have been at the forefront of such studies, producing the first independently replicated associations of an epigenomic mark with a disease. Here, we review the state of the field in AD epigenomics and outline a path forward to explore this key element of genomic variation that is already uncovering new biology and complements the known genetic architecture of the disease.
The brain's epigenome
Epigenetic mechanisms can alter gene expression without changing the DNA sequence and are essential for cell differentiation [9] , aging [7] , pathogenesis of various diseases [31, 53] , and in the brain for memory formation and learning [24] . Since epigenetic marks are reversible, epigenetic mechanisms have long been a target for clinical intervention [1] . The most intensively studied epigenetic mechanism is DNA methylation. Methylated cytosines usually occur in the CG context, but in contrast to most other mature cells, non-CG methylation is frequently found in neurons [38] . Further, hydroxymethylation of CG (which occurs as an intermediate in demethylation) is a stable feature in certain chromosomal regions and is enriched in the neuronal DNA methylome [32] . We are just beginning to appreciate the complexity of the methylome, and its relation to gene expression, as active transcription is typically associated with segments enriched for unmethylated CG (CG islands) near the transcription start site but with CG methylation in the gene body and the 3′ end of the gene [30] . Thus, one cannot simply average methylation measures over a gene: one must consider the context of each CG when interpreting its level of methylation.
A second class of epigenetic marks is summarized by the term "histone modifications" which refers to post-translational modifications such as acetylation, methylation or phosphorylation of amino acids in these proteins that are an important structural element of chromatin. Modifications occur at numerous different positions of the histone amino acid sequence, and they are found in complex combinations that are associated with different states of chromatin [2, 56] . No one mark fully predicts RNA expression from a given locus. This complexity in histone mechanisms has recently been well reviewed elsewhere [34] . Finally, non-coding RNAs (ncRNAs) are directly connected with DNA methylation and histone modifications since ncRNA transcription is under epigenetic regulation, but at the same time ncRNAs can directly target enzymatic components of the epigenetic machinery [41] and can influence levels of RNA expression through other mechanisms such miRNArelated RNA degradation. However, ncRNAs are not the focus of this review which examines recent advances in interrogating the architecture of chromosomes in human brain samples.
Although the investigation of the complex brain epigenome is just beginning, several important elements have already been established with the help of large collaborative projects such as ENCODE and Roadmap Epigenomics [16, 46] . Notably, the NIH's Roadmap Epigenomics project provides an initial map of chromatin states in seven different brain regions: the angular gyrus, anterior caudate, cingulate gyrus, dorsolateral prefrontal cortex, inferior temporal cortex, mid-hippocampus and substantia nigra (http://www.roadmapepigenomics.org). In each region, data were generated using chromatin immunoprecipitation followed by sequencing (ChIP-seq) for six different chromatin marks, including two marks associated with condensed, transcriptionally repressed chromatin (H3K9me3 and H3K27me3) and four marks associated with transcriptionally active regions (H3K4me3, H3K36me3, H3K27ac, and H3K4me1). For each mark, we therefore have genomewide data regarding the location where each of these chromatin modifications was found. This information can be collapsed by assessing each 200 bp segment of the genome and annotating the extent to which each of these marks is found in that segment. One can then bin together those segments that have a similar profile and, presumably, have a shared function. By relating the patterns associated with a given bin to other information such as RNA expression data, one can then infer the likelihood that a given segment is associated with chromatin that is in a condensed, repressed state, is present at an active transcription start site, or is likely to be enhancer in the tissue being profiled [17] . In Fig. 1 , we illustrate these reference data from the Roadmap Epigenomics project for the BIN1 locus. It is clear that there is heterogeneity in the state of the chromatin in this locus among three of the seven profiled brain regions (hippocampus, prefrontal cortex and substantia nigra); this heterogeneity probably reflects, in part, their different functions. In addition, it is important to highlight that these profiles are derived from frozen tissue and represent an average profile across all of the component cell types in each sampled cortical and subcortical region. Most of these samples probably consist of neurons, but there are important contributions from glia and other cell types. Regional variation in the proportion of these cells and of 1 3 neuronal subtypes will therefore also contribute to interregional variability in chromatin maps. While this limits the interpretability of results, these maps have nonetheless provided some early insights into the relative heterogeneity of different brain regions and of these regions to other tissues [45] . It has also been used to annotate disease-associated genetic variation in terms of the tissue where they may be exerting their effect [18] . Finally, we have to remember that these reference data were generated from two subjects from the RUSH Memory and Aging Project [4] who were cognitively non-impaired at the time of death and harbored a minimal burden of β-amyloid, tau and other neuropathologies on detailed neuropathologic examination. Therefore, these reference data do not inform us of the extent to which there is inter-individual variation in the epigenome: they are an important but preliminary snapshot of the older brain's epigenome.
One interesting observation in a study of frontal cortex samples from a large number of older individuals (n = 708) [14] is that most of the epigenome sampled by the Illumina Fig. 1 Genetic and epigenomic variation have independent effects on disease susceptibility in the BIN1 locus. At the top of the figure, we include a diagram of chromosome 2, with a vertical red line denoting the location of the BIN1 locus. Below the chromosome, a double line presents the physical position of the segment of chromosome 2 that is presented in this figure (X axis for all subsequent components of the figure). The first ribbon contains the SNPs (blue dots) that have been interrogated in relation to AD susceptibility in this locus. The Y axis reports the −log 10 (p value) for the association from AD, taken from the IGAP study for each SNP [33] . The second ribbon presents CG dinucleotides (pink dots) interrogated in relation to AD susceptibility as part of a DNA methylation study of the frontal cortex in AD [14] . The peak of the genetic and epigenomic associations are close to one another but do not overlap exactly. When modeled together, the SNP (rs6733839) does not explain the association of the CG (cg22883290) methylation level with AD, as reported in [14] . Below the association results, we present the chromatin state of this segment of chromosome 2, based on the Roadmap Epigenomics data and the Chrom-HMM algorithm [45] for three different brain regions: the prefrontal cortex (PFC), the hippocampus (HC), and the substantia nigra (SN). Each color denotes a different chromatin state, as outlined in the color key. The next ribbon presents the level of sequence conservation across mammalian species. The one below presents the location of CG islands, and the bottom ribbon shows the location of the exons of the gene found in this chromosomal segment, BIN1 HumanMethylation450 platform is very similar (>98 %) across individuals. This may be an overestimate because of the limited sampling of this beadset and of the fact that many CG dinucleotides are either fully methylated or unmethylated in these subjects. Nonetheless, it is clear that the epigenome of the frontal cortex is quite similar between two individuals. Further, while there is significant concern that loss of neurons with age or pathology could skew epigenomic profiles, we actually see very modest or non-significant correlation between the estimated proportion of neurons in cortical samples [23] and measures of AD pathology. Neuronal loss clearly does occur with AD pathology, and this question probably deserves to be reexamined as algorithms for predicting the proportion of neurons and of different subsets of neurons improve. Thus, for now, the possible role of this measure (neuronal proportion) may be best left to pre-specified secondary analyses in epigenome-wide studies.
The effect of aging on the epigenome
Some of the inter-individual variation in epigenomic profiles will come from the developmental stage at which an individual is sampled or the extent to which they have experienced advancing age: several studies of various tissues and species have reported age-associated changes in all layers of the regulatory landscape including transcription factor binding, histone marks, DNA methylation and ncRNA levels. The cellular aging process is characterized by a loss of heterochromatin, as demonstrated by DNA hypomethylation, a loss of the heterochromatin mark H3K9me3 and nuclear lamina dysfunction [12, 47, 55] . Age-associated epigenetic changes were also observed in euchromatic regions including changes of the active mark H3K4me3, the repressive mark H3K27me3 and the transcription elongation mark H3K36me3 [10, 40, 44] . These changes likely contribute to increased transcriptional activity with age, which ultimately leads to progressive functional decline [49] .
For the human brain, most aging studies have focused on DNA methylation. In line with observations from other tissues or species, surveys of human prefrontal cortex samples throughout the lifespan have uncovered large differences over time both during the human brain's development in children and with aging [43] . Strong associations at certain loci with aging may be relevant to AD, given that its incidence is age-related; however, it also creates an important confounder that has to be accounted for in AD studies. Work performed across many different tissues has suggested the existence of an epigenetic clock that captures a "biological or epigenetic age" of the target tissue that may reflect the accumulated effects of different exposures and may be different from a subject's "chronological age" (Fig. 2a) [26, 28] . The two measures are strongly correlated, but many subjects deviate from the regression line, appearing to be either "older" or "younger" than an average person at their chronological age (Fig. 2b) . Application of the algorithm that uses DNA methylation data to estimate an "epigenetic age" of a brain tissue sample from an individual has yielded an observation that its difference from an individual's chronological age correlates with AD related traits such as aging-related cognitive decline [37] . However, the original algorithm does not account for the effect of pathologies which accumulate with age and can confound what loci are involved with aging, independent of pathophysiological processes. Further, the model is built across a broad age spectrum, with limited sampling of the older end of the spectrum where epigenomic changes may no longer be linear and may require a model that reflects alterations in the rate of change of epigenomic marks. As seen in Fig. 2b , in a sample of subjects who died at an advanced age, the inferred epigenetic age using an algorithm derived across tissues is correlated to chronological age but systematically underestimates the age of the subjects. Another factor may be the presence of regional differences in the accumulation of methylation changes since one study suggests that different brain regions may have different "epigenetic ages" [29] . However, such changes may be attributable to differences in the accumulation of neuropathologies among brain regions.
The impact of various factors that can confound the identification of age-related effects was nicely illustrated in a recent paper [52] : it demonstrated that about one-half of loci in which DNA methylation is associated with age in a naïve model can be accounted for by the effects of demographic features such as sex, different AD-related pathologies, and estimates of cell-type proportion. Thus, while it is clear that age leads to large changes in brain methylation at many sites throughout the genome, the exact etiology of these changes remains unclear, and it is possible that they represent the summation of changes attributable to multiple different pathologies, including those that lead to AD. In Fig. 2c , we illustrate the large effect of β-amyloid and tau pathologies on the aging associations, after sex is taken into account: nearly 40 % of the aging associations are attributable to these neuropathologic measures.
Since much of AD pathophysiology increases with age during the asymptomatic phase of the disease and there is significant discrepancy between an antemortem, syndromic diagnosis of probable AD and a pathologic diagnosis of AD [3] , epigenomic studies of AD are very vulnerable to the outcome measures and subject populations that are selected at the time of a study's design. In this, studies of the epigenome are more similar to studies of the transcriptome than to genetic studies, although all AD studies are vulnerable to this issue.
First generation of epigenomic studies in AD
While a number of studies have either evaluated an epigenomic mark in a small targeted region of the genome surrounding a candidate gene or captured a global measure of the presence of a histone modification in a sample of brain tissue, their results are difficult to interpret because they have been performed in small numbers of subjects, do not account for possible confounders and often do not include replication of their results in an independent sample. Thus, Epigenetic age" based on DNA methylation and its relation to neuropathology. a The age of a subject can be predicted based on the subject's epigenetic profile. The predicted age is termed "epigenetic age" and, for most tissues, is strongly correlated with the chronological age as indicated in the scatter plot. If the epigenetic age of a subject is larger than the chronological age (red dot), the subject's epigenome appears to be "older" than the average epigenome of an individual with that chronological age in the reference set that was used to train the prediction model. Hence, the epigenetic age must be interpreted with respect to the reference set, which can comprise various different tissues and cell types or be a homogeneous set of brain tissues, for example. b A published method [28] was used to estimate the epigenetic age of each aging subject from whom we have a DNA methylation profile of the dorsolateral prefrontal cortex (n = 740) [14] . The scatter plot shows each subject as a dot relative to their estimated epigenetic age based on DNA methylation data and chronological age. While the two ages are strongly correlated (r = 0.67) (the regression line is presented in red), the estimated epigenetic age systematically underestimates the chronological age. This may be due to the age range and the various different tissue types from which the algorithm was developed. c The diagram illustrates the point made in a recent manuscript [52] that neuropathologies must be considered when studying aging-associated alterations of brain DNA methylation levels. The red circle indicates that 7336 out of 420,132 CG dinucleotides were significantly associated with age in a statistical model adjusted for gender and technical covariates. When the model was further adjusted for six common neuropathologies (green circle), 39 % of those CG dinucletides were no longer significantly associated with age 1 3
as with targeted candidate-gene based studies in genetics, these modestly sized studies have often not yielded robust results. These studies have been comprehensively catalogued recently and are not discussed further [5, 35] . One example that illustrates this challenge to interpretation of many current studies is the first miRNA study of a larger AD cohort which found 41 deregulated miRNAs in the prefrontal cortex and 35 in the hippocampus. However, the authors stated that there is little overlap with results from previously published smaller studies [36] . While different brain regions and technical confounders could be a reason, sample size and lack of appropriate accounting of potential cofounders are the most likely causes for a lack of replication. Nonetheless, associations of a handful of miRNAs, such as miR-132 [48] , with AD have been replicated in several independent studies, implicating such ncRNA in the disease. These results suggest that more comprehensive evaluations and dissections of miRNA and probably other ncRNA should be conducted in large sample sizes since we have now reasonable evidence for at least some miRNA being involved in AD.
A different aspect of the epigenome has now been investigated by two scans of the brain's DNA methylome. Performed independently on cortical samples from different patient populations and using different but related neuropathologic outcome measures, they nonetheless replicate each other's results at loci such as ANK1 [14, 42] . These two papers are important to the field of AD epigenomic studies because (1) they establish the fact that robust, reproducible associations between DNA methylation and AD-related outcomes exist and (2) they document a study design and sample size that led to a successful gene discovery study. This information can now be used as a template for future studies. Such replication remains rare in large-scale epigenomic studies of any disease.
A few important points have emerged from these studies: first, the effect size for a given methylated CG dinucleotide's association with an AD-related outcome is modest but is greater than that of validated AD SNPs [14, 51] . This means that, while future studies need to be substantial in terms of sample size, they do not need to be on the scale of genome-wide association studies [14] . As with genetic studies, effect sizes will vary by trait, and we see smaller effects in relation to syndromic diagnoses such as AD dementia than in quantitative measures of AD neuropathology, and this will impact power calculations that inform study designs (Fig. 3) . Second, unlike what has been reported by other studies such as in rheumatoid arthritis [39] , it appears that the detected epigenomic associations to AD are not driven by genetic variation. Genetic show results after a stringent multiple testing adjustment using the family-wise error rate (FWER); solid lines show results when using the more liberal false discovery rate (FDR) approach. Methylation levels were logit-transformed and all 420,132 CG dinucletides were tested for an association with the variable of interest in a linear model adjusted for gender, age and technical covariates variation that affect the level of methylation are extremely common throughout the genome [21] and have large effects on methylation levels; however, none of the validated AD epigenomic associations show evidence of being caused by genetic associations [14] . In fact, when genetic and epigenomic associations have been documented in the same locus, they appear to be independent of one another [14] : for example, when the genetic and methylation data from the BIN1 locus are modeled jointly in a single analytic framework, the association of the CG dinucleotide is not explained by the susceptibility SNP. The SNP and CG are found near each other within the gene (Fig. 1) , but each of them is influencing disease risk separately. Thus, a picture of converging influences-some genetic and some epigenomic-on certain key loci for AD susceptibility is emerging. Interestingly, a more complex picture emerges in the CR1 locus, where it appears that an epigenomic feature may have an opposite effect on AD, depending on whether the AD susceptibility allele at this locus is present [11] . In CR1, the risk allele is associated with a duplication of a subset of exons that leads the CR1 protein to being structurally different and could explain why the same CG dinucleotide could have opposite effects on disease risk in the presence or absence of the risk allele. Finally, the quantum of DNA methylation variation remains to be better delineated. Unlike SNPs that identify a specific point in the genome as being involved in a disease, DNA methylation and chromatin marks identify a chromosomal segment as being associated. Further, as with SNPs that form the haplotypes that are the effective unit of genetic variation, there is an extensive correlation structure among methylation levels (or chromatin marks) both locally (in cis) and distally (in trans), such that we do not yet fully understand how best to evaluate the number of independent tests being performed in an epigenome-wide study. In this, epigenomic data are more similar to transcriptomic data.
One can also take a less stringent threshold of significance and attempt to infer broader patterns in the diseaseassociated loci: two studies have done this and come up with different interpretations. In one case where β-amyloid plaques were the primary outcome measure [14] , we see skew toward greater methylation among the associated sites and a strong enrichment for associated CG dinucleotides to be located in weak enhancers and weakly transcribed regions. There is also a strong depletion of associations in actively transcribed transcription start sites. However, in another smaller study, comparing AD subjects to non-AD subjects, associated sites were more likely to increase in methylation with AD but poised promoter regions appeared to be enriched for associated CG dinucleotides measured using the same Illumina platform [51] . These examples of possible broader patterns in epigenomic changes, evaluated in different cortical regions, therefore need further characterization before a clearer picture of broader patterns can emerge. Nonetheless, it is clear that AD-related epigenomic change is not random and is not a simple catastrophic decay of the epigenome in which we would not expect reproducible associations in specific loci.
In the DNA methylome-wide study for association with the burden of neuritic amyloid plaques [14] , associated loci were found throughout the genome, and some of these associations were attenuated when estimates of cell type proportion were considered in secondary analyses. For example, the RHBDF2 association is attenuated when an estimate of microglial cell proportion is added to the model, suggesting that the association may be driven, in part, by microglia. Because these models of cell type proportion are imperfect and can correlate with cell functions such as activation, results of these secondary analyses have to be interpreted cautiously: at the very least, this analysis tells us that the proportion of microglia is changing in the target tissue in relation to amyloid pathology, consistent with many earlier studies [15] , and it provides a quantitative estimate of that presence that is not available from the analysis of tissue sections. In addition, it prioritizes a particular gene, RHBDF2, for future investigation within microglia, while understanding that it is possible that its methylation level is simply a proxy for the proportion of microglia. In that case, RHBDF2 becomes a very useful tool for future studies. In the study of neuritic plaque pathology, the different validated associations appear to be distributed across multiple different cell types, consistent with our understanding of neuritic plaque pathology accumulating extracellularly and affecting different CNS cells. The same is not true of the other neuropathologic feature of AD, tau pathology: here, it appears that there are large-scale alterations in the state of DNA methylation in the presence of tau pathology. Unlike the changes noted with neuritic plaques [14] that are more distributed, tau associations derived from profiles of a histone modification that marks transcriptionally active chromatin (H3K9 acetylation) in the same collection of brains are clustered in certain segments of the genome (unpublished data). These results are consistent with an observation of widespread relaxation of heterochromatin in a Drosophila model of Tau pathology that was confirmed to be present in a small set of human AD brain samples [20] .
Epigenomic profiling of blood in AD
Given the availability of blood-derived DNA from large numbers of subjects characterized for AD, there is a lot of interest in profiling the epigenome of peripheral blood to identify susceptibility loci. The challenge is that there is, as yet, little data on the utility of this approach. While it is reasonable to expect that some life experiences or exposures could affect the epigenome of the brain and of the peripheral blood in the same manner, most probably will not. A recent study in a modest number of samples reported that paired brain and blood profiles from the same subjects are largely not correlated [25] . Another small study is consistent with this observation: it reports little correlation between cortical methylation profiles and CD4+ T cell methylation profiles from the same individuals [54] . Further, while the small brain data set demonstrated known AD associations, the CD4+ T cell data did not. There are many caveats to these experiments, including the selection of cells to profile in peripheral blood, as monocytes that infiltrate the brain in AD could be more pertinent than lymphocytes. However, it is unlikely that there is a strong, direct correlation between the epigenomes of the brain and blood such that measuring a given epigenomic feature in blood offers a reasonable proxy for the same feature in the brain for most genomic loci. Sampling certain immune cell populations that infiltrate the brain from peripheral blood may be meaningful, but, given the small proportion of such cells in cortical tissue, it will not be useful as a proxy for tissue profiles. Peripheral blood data may be more useful in identifying biomarkers that reflect the state of the subject but do not provide a direct evaluation of the brain.
Designing a statistically powerful epigenomic study in human subjects
In the sections above, we reviewed the state of the field of AD epigenomics in human subjects; the discovery of independently validated AD loci such as ANK1 and the study of the properties of DNA methylation profiles have given us important information with which to design a second generation of epigenomic studies. What do such studies look like given our current findings? The first consideration is the selection of the target tissue or cell type. Given the limited sampling of tissues profiled to date, human cortex is preferred since we have validated observations that give us information with which to conduct power calculations; blood may be useful but remains questionable as a substrate for epigenomic studies of AD today. Given the use of post-mortem cortical tissue, accessing samples available from archives of frozen tissue is preferred as fixed tissue is more difficult to profile using current techniques [4] .
Many different epigenomic marks could be profiled and will offer complementary perspectives of the state of chromatin in the tissue sample: no one epigenomic mark captures complete information on chromatin conformation. Currently, DNA methylation profiling is available from experimental protocols that are most easily deployed in moderate to large scale, although moderate scale chromatin immunoprecipitation with sequencing (ChIP-seq) is now feasible as well. Each platform produces a different form of data, and thus the analytic approach must take into account fundamental differences in the nature of the data, such as whether the epigenomic mark is measured at a single point (as with CG methylation using an IIlumina beadset) or over a region, as is the case with ChIP-seq methods. The nature of the data will therefore yield important differences in how the targeted epigenomic feature is linked to a physical position on the chromosome. It is important to emphasize that the quantum of variation in the epigenome is not the single nucleotide as with SNPs but rather a chromosomal region of variable size, depending on the chromatin mark being measured. Another issue is that many platforms do not sample the entire human genome: for example, the IIlumina HumanMethylation450 beadset interrogates a large number of CG dinucleotides throughout the genome but only samples ~5 % of all potentially methylated CG dinucleotides [13] . This is well illustrated by Fig. 1 which presents the results of this array for the BIN1 locus: the subset of targeted CGs is unevenly distributed and enriched in certain features of known genes, making generalizations from the available data difficult. Finally, these methods also do not distinguish another layer of complexity such as modification of methylation into 5-hydroxymethylation, which appears to be particularly prominent in the nervous system [32] .
For the validated, CG-specific association that exists to date, we have reported that the methylation level of a given CG dinucleotide explains, on average, 5.0 % of the variance in neuritic amyloid pathology burden [14] . This is much larger than the less than < 1 % explained by known AD susceptibility variants for the same trait. This means that studies with ~500 subjects will be well powered to discover novel associations with quantitative measures of AD pathology. The effect size for a syndromic diagnosis of AD is more modest and is therefore less attractive in the primary analysis since more subjects will be needed to achieve an equivalent level of statistical power, as is demonstrated in Fig. 3 .
Addressing causality: meaning of epigenomic associations
As with putative risk factors evaluated in epidemiologic studies, an association between an epigenomic feature and a disease-related outcome in a cross-sectional study cannot address the issue of causality [6] . That is, the feature could be associated with the outcome because either (1) it contributes to the process that leads to the outcome or (2) it is one of the events that is a consequence of the outcome's occurrence. This ambiguity is important to realize, and, once an epigenomic association is robustly validated by independent studies, it clearly needs to be explored further to resolve its place in the sequence of disease-related events. Studies of human brains are generally limited to a cross-sectional design because samples are primarily accessed at the time of autopsy. This leaves investigators with the challenging task of being creative in designing in vitro or in vivo studies in model systems to explore the issue of causality. New emerging epigenetic editing tools might be extremely helpful for this task [27] . On the other hand, studies of other tissues such as blood offer the opportunity to investigate human subjects longitudinally, enabling researchers to directly explore the issue of causality in the target human tissue. In this case, change in epigenomic profiles over time can identify loci where chromatin changes contribute to the onset of disease.
It is important to remember that genome-wide association studies (GWAS) have the same cross-sectional design and the same issue that causality is not formally demonstrated by the association study. One makes the reasonable assumption that the vast majority of sampled genetic variation were present in the organism at the time of conception, and one therefore assumes that the genetic variant has a causal role in a disease such as AD. However, this assumption breaks down as we begin to investigate (1) rare variations that could represent an early somatic mutation event in the tissue being sampled (i.e. blood) that is not representative of the organism or (2) regions of the genome where rearrangements and somatic mutation occur (i.e. immunoglobulin and T cell receptor loci). It is also likely that other, as yet undescribed, regions of somatic alteration occur in the human genome. Thus, we have to keep in mind that not all genetic variation measured in blood or other tissues is completely representative of an individual's genetic complement, although this assumption will hold in the vast majority of common and other variants sampled in GWAS.
Regardless of the relative location of the epigenomic event in relation to the outcome of interest, the association is meaningful as it provides important information with which to either prevent an outcome or to mitigate its occurrence. So, an associated epigenomic event is interesting either way, but its interpretation and the design of follow-on studies will depend on its temporal relationship to the outcome. Requiring a definitive interpretation of causality in the initial report of an epigenomic discovery study of human autopsy tissue is an unrealistic threshold: as with genetic studies, an appropriately sized study with replication in independent subjects is the goal for an initial epigenome-wide association study. Well-designed followup studies represent a substantial investment of time and resources, and their interpretation will only be as good as the relevance of the model system that is being used.
Nonetheless, certain secondary analyses can be used to provide an initial assessment of causality that can guide further experiments: for example, the effect of the reported epigenomically-associated AD loci such as ANK1 is present in subjects prior to the clinical manifestation of AD, suggesting that these changes are not part of the terminal, dementing process [14] . Further, the fact that two AD susceptibility loci-ABCA7 and BIN1-harbor both genetic and epigenomic risk factors supports the possibility that at least some of the epigenomically-associated loci may be involved in AD susceptibility, as is also suggested by a protein:protein interaction network analysis that links up genetically and epigenomically-defined susceptibility genes [14] .
Future direction: should we study the epigenome in AD?
Despite their limitations, the current set of published and emerging studies document a number of loci where changes in epigenomic features are reproducibly occurring in the cortex of older individuals who have accumulated AD-related pathology. Thus, we now know that measuring the human brain's epigenome in AD is meaningful, and we have a model with which to design larger studies that will identify additional loci where chromatin changes are associated with AD-related traits. The first generation of studies has identified a small set of such AD associated loci, but we do not yet understand either the mechanism by which they occur or their exact nature as we have only catalogued discrete changes in methylation at each site. Fine epigenetic mapping of each of these sites with multiple different epigenomic marks and perhaps certain transcription factors that are implicated by the associated regions are needed to explore the nature of these epigenomic associations. In particular, profiling the same tissue samples for 5-hydroxymethylation should prove quite revealing in assessing whether this DNA methylation mark that is enriched in neurons may have a greater role in AD than might be suggested by its presence on only a minority of potentially methylated sites. Further, new techniques such as profiles that use the Assay for Transposase Accessible Chromatin (ATAC) will yield higher-resolution profiles of chromatin that are not specific to a given mark that is correlated with a chromatin state but rather interrogate the structure of chromatin directly [8] . These and other methods need to deployed in large scale on the same samples so that we can understand (1) the extent of interindividual variation in the epigenome and (2) the most informative layer(s) of "omic" data that should be obtained to capture the majority of the information relating to the state of chromatin. No single mark will be sufficient: we need to accumulate profiles using multiple non-redundant marks and integrate the results into a single framework. Then, measures of ncRNAs need to be layered onto DNA and chromatin measures to further enhance the overall perspective on patterns of gene regulation in AD since reproducible associations of miRNA with AD have emerged.
The issue of causality should be pursued, although both in vitro systems such as human induced pluripotent stem cells differentiated to neurons [50] and in vivo murine or Drosophila models have limitations. In one example, an epigenomic profile of the CK-p25 mouse model, seems to have primarily indicated the presence of a large number of infiltrating myeloid cells, which may not be representative of other AD models [22] but may capture aspects of the human disease. Overall, a better approach is needed to select models in which to mechanistically dissect epigenomic associations: one needs to empirically identify mouse and other model systems which capture elements of the biology being investigated. A comparison of mouse and human epigenomic changes could be one way to select a mouse model that is optimal to follow up a human observation, and, in fact, it is likely to define a population of such models which will have to be considered simultaneously to capture the heterogeneity of human disease.
For practical reasons, current studies have focused on tissue-level profiles that are confounded by issues such as variation in the frequency of different cell populations in the tissue. Models with which to estimate the proportion of neurons in a cortical sample [23] , while useful for an initial evaluation, remain relatively crude as they may over-correct the data if used in the generation of the epigenomic measure being analyzed. Miniaturization of epigenomic assays is now allowing the design of cell-type specific profiles of tissues, and single cell approaches are beginning to allow us to characterize the complexity of cell states among a single cell type. These studies that are more time-consuming are reasonable given the fact that robust epigenomic associations exist at the tissue level, and they will lead to the next level of insight in the role of the epigenome in AD.
The plasticity of the epigenome creates challenges in deconstructing the observed epigenomic associations at the tissue level. However, they also highlight one of the main attractions of studying the epigenome: it may reflect the longstanding effect of certain environmental exposures or life experiences on the function of an organism. These exposures may be difficult to measure or may have occurred many years prior to the onset of any study, making it very difficult to understand their role without a concrete measure of exposure in the tissue of an individual with which to anchor a study. GWAS have explained <50 % of the variance in most studied human traits: we therefore need another approach to identify complementary genomic changes that alter gene expression to cause diseases such as AD. Transcriptomic studies will address the same issue but may be more vulnerable to agonal events and reflect just what the target tissue was expressing at the time of death. The epigenome captures information not just about actively transcribed genes but also about genes that may be in a conformation where they have the potential to be expressed in response to a given stimulation. The epigenome thus offers information about both the actively transcribed and potentially transcribed genes. Nonetheless, because no single mark fully captures the state of the epigenome, the best studies will measure both the epigenome and the transcriptome of a tissue or set of purified cells from genetically characterized individuals, allowing for an integrated analysis of multiple sources of variation in the function of the brain in AD.
Will therapies that modulate the epigenome be effective in AD? The current set of studies have been useful to identify specific loci in which DNA methylation is related to AD and could become the target of therapeutic intervention. However, it is too early to pinpoint a single overall mechanism of epigenomic dysfunction that yields the robust changes that are being reported. Rather, given the heterogeneity of the disease, it is likely that a number of different mechanisms will be implicated and that no single compound will reverse all AD-related epigenomic changes. Nonetheless, compounds that modulate the epigenome could well be part of future treatment paradigms; for example, histone deacetylase inhibitors have been studied and shown empirically to have effects on certain mouse models [19] . However, these and other compounds need to be re-examined carefully since we now have clear genomic regions whose epigenetic alterations need to be corrected instead of looking for broad changes in acetylation levels that affect a mouse model. Optimism for such approaches is warranted as the epigenomic changes that have been identified are accumulating over the lifespan: they are not present at birth. Thus, given the plasticity of the epigenome, they may be reversed, or, at least, we may be able to develop strategies to prevent the changes from occurring by blocking the epigenomic machinery when the risk-associated exposure or life experience occurs during a patient's life.
Overall, the field of epigenomic studies in AD is just emerging, but it is clear that it will play an important role in characterizing the set of events that lead from genetic susceptibility variants and environmental risk factors to intermediate traits such as the accumulation of amyloid and tau pathologies and eventually to a syndromic diagnosis of AD. Plastic by nature, the epigenome presents a compelling target for drug development; however, it is unlikely that a single mechanism-whether related to methylation, histones, or ncRNAs-will provide a comprehensive therapeutic solution. Nonetheless, epigenomic modulators could well become important tools in the portfolio of AD specialists, once the right patient population and disease stage for intervention have been identified.
